Neuronal activity is critical for the formation and modification of neural circuits during brain development. In hippocampal CA1 pyramidal dendrites, A-type voltage-gated K ϩ currents, formed primarily by Kv4.2 subunits, control excitability. Here we used Kv4.2 knock-out (Kv4.2-KO) mice along with acute in vivo expression of Kv4.2 or its dominant-negative pore mutant to examine the role of Kv4.2 in the development of CA1 synapses. We found that Kv4.2 expression induces synaptic maturation in juvenile WT mice and rescues developmentally delayed synapses in adult Kv4.2-KO mice. In addition, we show that NMDAR subunit composition can be reverted back to the juvenile form in WT adult synapses by functionally downregulating Kv4.2 levels. These results suggest that Kv4.2 regulation of excitability determines synaptic maturation state, which can be bidirectionally adjusted into adulthood.
Introduction
Neuronal activity is thought to play a critical role in the formation and modification of neural circuits during brain development while the disruption of normal neuronal activity and synaptic plasticity has been implicated in several neurological disorders (Lynch, 2004) . While the molecular mechanisms underlying activity-dependent synaptic modification during development are not fully understood, at excitatory synapses in the CNS, NMDA-type glutamate neurotransmitter receptors (NMDARs) have been shown to play important roles in brain development in addition to synaptic plasticity and cognitive functions (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Lynch, 2004) . A current theory for the pathophysiology of schizophrenia implicates hypofunction of NMDA receptor signaling (Gaspar et al., 2012) , and dysfunction of the glutamatergic system has been implicated in other psychiatric disorders such as Alzheimer's disease, ADHD, and depression (Wallace et al., 2011) .
Early in development, excitatory synapses in the hippocampus transmit primarily through NMDARs (Kerchner and Nicoll, 2008) . These synapses are functionally silent early in development, becoming functional with experience-dependent insertion of AMPAtype glutamate receptors (AMPARs) (Kerchner and Nicoll, 2008) . In addition, as synapses mature, those containing GluN2A NMDAR subunits replace GluN2B-containing NMDARs (Sans et al., 2000) . These synaptic modifications require precise control of neuronal activity but the molecular mechanisms underlying them are not fully understood. A-type K ϩ currents play an important role for neuronal excitability and synaptic plasticity (Birnbaum et al., 2004) . A-type K ϩ channels activate at subthreshold membrane potentials, inactivate rapidly, and quickly recover from inactivation. A-type K ϩ channels regulate the threshold for action potential (AP) initiation, repolarization, frequency-dependent AP broadening, and control the back-propagation of action potentials and LTP induction (J. Kim et al., 2005; Nerbonne et al., 2008) . Among the several different types of K ϩ channel pore-forming subunits that produce A-type K ϩ currents (e.g., Kv1, Kv3, and Kv4) that have been identified, Kv4.2 is the most prominent in hippocampal CA1 pyramidal neurons (J. Kim et al., 2005; Lauver et al., 2006) . Recent studies have found that elimination of Kv4.2 lowered the threshold for LTP induction and increased the threshold of LTD Zhao et al., 2011) . Conversely, increased Kv4.2 expression was found to prevent LTP induction (Jung et al., 2008) . Moreover, increased expression of Kv4.2 in organotypic slices caused a decrease in synaptic GluN2B/ GluN2A ratio, whereas downregulation of Kv4.2 resulted in an increased proportion of synaptic GluN2B/GluN2A (Jung et al., 2008 
Materials and Methods
In vivo viral infection and slice preparation. Male C57BL/6J WT or Kv4.2-KO mice, aged P10 -P12 or 8 weeks old, were injected with Sindbis virus containing either eGFP-tagged Kv4.2 (Kv4.2g) or Kv4.2g W362F (J. Kim et al., 2005) . Mice were anesthetized with ketamine/xylazine mixture (3.33 ml/kg) and then mounted in a stereotaxic instrument (David Kopf Instruments). Using a microsyringe pump controller (World Precision Instruments), 0.5-1 l of virus was delivered into each hemisphere, targeting hippocampal area CA1. After the surgery, mice recovered from anesthesia and then were returned to their home cage. One or two days after injection, acute hippocampal slices (250 m thick) were prepared in a cutting solution containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 0.5 CaCl 2 , 5 MgCl 2 , pH 7.2. After 30 min incubation in normal ACSF (bubbled with 95% O 2 , 5% CO 2 ) at 37°C, slices were transferred to room-temperature oxygenated ACSF solution. The National Institute of Child Health and Human Development's Animal Care and Use Committee approved all animal protocols.
Electrophysiology. Whole-cell recordings were obtained from infected or noninfected neurons under visual guidance using epifluorescence and transmitted light illumination. For patch-clamp recordings from acute hippocampal slices, slices were transferred to a submerged recording chamber with continuous flow of ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 2 CaCl 2 , 1 MgCl 2 . Gabazine (10 M) was added in all recordings. Patch electrodes (4 -6 M⍀) were filled with the following (in mM): 100 Csgluconate, 0.6 EGTA, 5 MgCl 2 , 8 NaCl, 2 Na 2 ATP, 0.3 NaGTP, 40 HEPES, 15 CsCl, 1 QX-314, pH 7.25-7.3 by CsOH. To record whole-cell A-type currents, 1 M TTX was added to the external solution and the internal solutions contained the following (in mM): 20 KCL, 125 Kglu, 10 HEPES, 4 NaCl, 0.5 EGTA, 4 ATP, 0.3 TriGTP, 10 Phosphocreatin, pH 7.2 by KOH.
EPSCs were induced by stimulation of the Schaffer-collateral pathway via monopolar electrodes located 100 -200 m from the recorded cell soma. The test stimulation in all EPSC experiments was set at 0.1 Hz and 0.2 ms duration and its intensity (100 -900 A) was adjusted to induce ϳ100 pA EPSCs at a holding potential of Ϫ60 mV. AMPAR-mediated EPSC amplitude was measured from an averaged trace of at least 10 sweeps. Amplitude and current charge of total and NMDAR-isolated EPSCs recorded at ϩ40 mV were measured in traces averaged from 30 sweeps. After recording total EPSC amplitude at a ϩ40 mV holding potential, 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 M) was added to external recording solution to block AMPARs. NMDAR-mediated EPSCs were recorded after confirming the effect of DNQX by observing the complete blockade of AMPAR-mediated EPSCs recorded at Ϫ60 mV (5 min after application). Putative GluN2A-mediated EPSCs were then acquired by adding ifenprodil (3 M) to external solution including DNQX. GluN2A-mediated EPSCs were recorded for 15 min after washing in DNQXϩifenprodil and the last 30 sweeps averaged.
Minimal stimulation experiments were performed at Ϫ60 mV and ϩ40 mV holding potentials. Stimulation intensity was adjusted to the point that failure versus response could be clearly distinguished visually at Ϫ60 mV holding potential and then kept constant for the duration of the experiment.
Whole-cell recording parameters were monitored throughout each experiment and recordings where series resistances (15-20 M⍀) varied by Ͼ10% were rejected. All were performed at 31-32°C using a Multiclamp 700B amplifier with signals filtered at 1 kHz and digitized at 10 kHz via an Axon Digidata 1322A. Recordings were analyzed using Clampfit 10.1 (Molecular Devices), Microsoft Excel, Minianalysis (Synaptosoft), and IGOR Pro (WaveMetrics). Statistical tests performed were unpaired t test using Microsoft Excel or IGOR Pro. Significance was set to p Ͻ 0.05.
Immunoblotting. Whole hippocampi from P2, P10, 4-week-old, and 8-week-old WT or Kv4.2-KO mice were homogenized in a buffer solution containing the following (in mM): 50 TrisCl, 150 Nacl, 10 EGTA, 10 EDTA, 1% NP-40, and protease inhibitor mixture tablet (Roche). Protein concentrations were measured using a BCA kit (Pierce). Equal amounts of protein were separated by electrophoresis on 10% SDS bistris gels (Invitrogen) and transferred to nitrocellulose membranes. Immunoblotting was performed as previously described (J. Kim et al., 2005) . Antibodies used were anti-Kv4.2 (1:1000; NeuroMab), antiGluN2B (1:2000; BD Biosciences), anti-GluN2A (1:2000; Millipore), and ␤-actin (1:5000; Sigma). Quantification was performed using Odyssey software (LI-COR Bioscience). The values of total Kv4.2 protein were normalized to that of total ␤-actin used as a homogenate control from the same blots. To determine NMDAR subunit ratios, GluN2B and GluN2A were directly compared then normalized to the WT value from the same blot.
Results
To examine the impact of Kv4.2 expression on synaptic maturation, we characterized synaptic currents in WT and Kv4.2-KO mice at two different stages of development. In the hippocampus, NMDARs contain mostly GluN2A and GluN2B subunits, with the GluN2B/GluN2A ratio decreasing during development (Sans et al., 2000) . We found that Kv4.2 protein expression in the hippocampus of WT mice also increased during development (relative to 8 weeks in WT; P2, 0.34 Ϯ 0.04; P10, 0.73 Ϯ 0.04; 4 weeks, 0.96 Ϯ 0.2; n ϭ 3). To measure the relative contribution of synaptic GluN2A and GluN2B subunits during development in WT and Kv4.2-KO mice, we pharmacologically isolated each component from total NMDAR-mediated EPSCs by bath applying the GluN2B antagonist ifenprodil (3 M; Fig. 1 A) . In WT, the ifenprodil-sensitive fraction (ISF) was significantly decreased in adult hippocampal neurons compared with neonatal hippocampal neurons (neonatal, 0.49 Ϯ 0.03, n ϭ 10; adult, 0.11 Ϯ 0.03, n ϭ 9; p Ͻ 0.01; Fig. 1 B) , confirming a developmental decrease of synaptic GluN2B/2A ratio. However, there was no significant difference in ISF between neonatal and adult Kv4.2-KO mice (neonatal, 0.50 Ϯ 0.04, n ϭ 5; adult, 0.35 Ϯ 0.05, n ϭ 10; p Ͼ 0.05; Fig. 1 B) , indicating an enhancement of the fraction of total NMDAR current in adult Kv4.2-KO mice generated from GluN2B-containing NMDARs. Immunoblot analysis showed increased GluN2B/2A protein expression ratio in the hippocampus of Kv4.2-KO mice compared with that of WT mice throughout development (P10, 1.69 Ϯ 0.3 of WT, n ϭ 5; 8 weeks, 1.22 Ϯ 0.05 of WT; n ϭ 5). These results suggest that the normal developmental decrease of synaptic GluN2B was impaired or delayed in Kv4.2-KO mice.
Our results in Figure 1 B suggest that developmental NMDAR subunit changes may require Kv4.2 activity. To determine if A-type K ϩ currents drive synaptic maturation of developing synapses, we injected Kv4.2g into neonatal WT hippocampus (Fig.  1C) . We first confirmed that Kv4.2g expression increased A-current amplitude in whole-cell recordings from neonatal WT mice 1 d after infection (Kv4.2g A-type current density, 215.93 Ϯ 27.34 pA/pF, n ϭ 5; uninfected, 127.20 Ϯ 6.99, n ϭ 7; p Ͻ 0.01). One day after expression of Kv4.2g, whole-cell recordings from neonatal WT CA1 neurons in acute slices showed decreased synaptic ISF (neonatal WTϩKv4.2g, 0.23 Ϯ 0.03, n ϭ 11; Fig. 1 D, E) compared with uninfected neurons (neonatal WT, 0.49 Ϯ 0.03, n ϭ 10; p Ͻ 0.01).
The developmental conversion from primarily GluN2B-containing to GluN2A-containing NMDARs is regulated by experience (Yashiro and Philpot, 2008) and synaptic activity (Bellone and Nicoll, 2007) . However, the activity-dependent GluN2A-for-GluN2B NMDAR subunit switch in the hippocampus occurs only in neonatal, not mature, synapses (Bellone and Nicoll, 2007) . We repeated the above experiments with adult Kv4.2-KO mice to see if introducing Kv4.2 could rescue the developmental NMDAR subunit deficits (Fig. 2) . In adult Kv4.2-KO neurons, in response to acutely increasing Kv4.2 levels, ISF was reduced nearly threefold (Kv4.2-KOϩKv4.2g, 0.13 Ϯ 0.3, n ϭ 7; Fig. 2 A, B pA/pF, n ϭ 6) compared with uninfected neurons (127.20 Ϯ 6.99, n ϭ 7, p Ͻ 0.05) in whole-cell recordings. To determine whether acute downregulation of functional Kv4.2 alters GluN2A/2B expression levels in mature synapses, we injected virus containing Kv4.2g W362F into adult WT hippocampus. Downregulating A-current function with Kv4.2g W362F in adult WT mice caused an increase in synaptic ISF (WT, 0.11 Ϯ 0.03, n ϭ 9; WTϩKv4.2g W362F , 0.31 Ϯ 0.07, n ϭ 8; p Ͻ 0.05; Fig. 2C,D) , likely through an increase in GluN2B expression (Jung et al., 2008) . These results, to our knowledge, provide the first experimental evidence that WT hippocampal neurons retain the ability to dynamically regulate GluN2 levels into adulthood. Bidirectional regulation of synaptic GluN2B/GluN2A levels in adult mice by Kv4.2 likely occurs through activitydependent regulation of excitability by Kv4.2 channels, since Kv4.2g and its dominant-negative mutant (Kv4.2g W362F ) have opposing effects on synaptic development, despite differing by only a single amino acid.
Another synaptic change during development is the recruitment of AMPARs to previously silent synapses, which contain only NMDARs. In the hippocampus, these silent synapses progressively decrease during development as they are converted to functional synapses by synaptic activity (Kerchner and Nicoll, 2008) . We used the minimal stimulation technique to estimate silent synapse prevalence in WT and Kv4.2-KOs by comparing the failure rates of EPSCs at Ϫ60 mV and ϩ40 mV (Fig. 3) . Stimulation intensity was adjusted such that ϳ50% of stimulations resulted in synaptic transmission failures at Ϫ60 mV, a voltage where primarily AMPAR-mediated EPSCs are detected given that NMDARs experience Mg 2ϩ -block at this voltage. After 50 consecutive trials, the membrane potential was depolarized to ϩ40 mV to relieve the Mg 2ϩ -block of NMDARs and measure a mixed AMPAR-and NMDAR-mediated response. Thus, the fraction of silent synapses was considered to be the neurotransmission failure rate at Ϫ60 mV relative to the failure rate at ϩ40 mV. Failure rate at ϩ40 mV was significantly decreased compared to that at Ϫ60 mV in both neonatal WT (Ϫ60 mV, 0.61 Ϯ 0.03; ϩ40 mV, 0.34 Ϯ 0.04, n ϭ 10; p Ͻ 0.01; Fig. 3B ) and Kv4.2-KO mice (Ϫ60 mV, 0.58 Ϯ 0.05; ϩ40 mV, 0.25 Ϯ 0.02, n ϭ 6, p Ͻ 0.01; Fig.  3C ). Remarkably, while there was no difference in failure rate at Ϫ60 mV and ϩ40 mV in adult WT mouse recordings (Ϫ60 mV, 0.52 Ϯ 0.05; ϩ40 mV, 0.49 Ϯ 0.05, n ϭ 6, p Ͼ 0.05; Fig. 3D ), the failure rate of adult Kv4.2-KO recordings at ϩ40 mV was significantly lower than the failure rate at Ϫ60 mV (Ϫ60 mV, 0.50 Ϯ 0.04; ϩ40 mV, 0.22 Ϯ 0.04, n ϭ 6, p Ͻ 0.01; Fig. 3E ), indicating that there was a significant proportion of silent synapses remaining in adult Kv4.2-KO neurons.
To see if reducing excitability by increasing A-currents could impact silent synapse fraction during development, we injected Kv4.2g into neonatal WT hippocampus. The results showed decreased failure ratio (failure rate at Ϫ60 mV/failure rate at ϩ40 mV) in Kv4.2g-expressing neurons compared with uninfected WT neurons (neonatal WTϩKv4.2g, 1.15 Ϯ 0.16, n ϭ 8; neonatal WT, 2.12 Ϯ 0.26, n ϭ 10; p Ͻ 0.01; Fig. 3F ). In addition, introducing Kv4.2g into adult Kv4.2-KO mice also resulted in a decreased failure ratio (adult KOϩKv4.2g, 1.05 Ϯ 0.04, n ϭ 3; adult KO, 3.29 Ϯ 1.16, n ϭ 6, p Ͻ 0.05; Fig. 3G ). These findings show that decreasing excitability through Kv4.2g expression decreases the incidence of silent synapses, again strongly implicating Kv4.2 in synaptic maturation. 
Discussion
Here we show that the activity level of subthreshold activating, A-type, voltage-gated K ϩ channels can bidirectionally reorganize synaptic NMDAR subunit composition during development and into adulthood. Recordings from adult Kv4.2-KO mice suggested delayed synaptic maturation, showing a larger GluN2B/GluN2A NMDAR subunit ratio and increased silent synapse prevalence compared with adult WT hippocampal CA1 pyramidal neurons. Dynamic regulation of synaptic maturation state reported here is likely activity-dependent, as opposing results were found for Kv4.2 and its dominant-negative mutant, which differ only by a single amino acid in the pore of the channel. While it has been widely shown that synaptic activity influences synaptic development and glutamate receptor expression, and activity-dependent NMDAR subunit modification has been previously reported only in developing hippocampal neurons (Bellone and Nicoll, 2007; Kerchner and Nicoll, 2008) , our findings show that activitydependent synaptic NMDAR subunit remodeling can continue into adulthood. In a broad view, this might indicate a rejuvenation of mature synapses, allowing the neuron to overwrite existing stored information.
Another important finding presented here is that an abnormally large fraction of synapses onto CA1 neurons in adult Kv4.2-KO mice are functionally silent, containing NMDARs but not AMPARs. These synapses are normally found during the first postnatal week but then are gradually lost after the second postnatal week by activity-dependent insertion of AMPARs (Kerchner and Nicoll, 2008) . Since hippocampal neurons from Kv4.2-KO mice exhibit increased intrinsic excitability and low threshold for LTP induction , enhanced activity-dependent AMPAR insertion might be expected. On the contrary, we found increased silent synapse expression in adult Kv4.2-KO mice, indicating that developmental AMPAR insertion was delayed in Kv4.2-KOs. Acute expression of Kv4.2 into the hippocampus of Kv4.2-KO mice reversed these abnormalities within 24 h of virus injection. Acute expression of Kv4.2 also accelerated synaptic maturation in neonatal WT mice. These findings may be explained by recent studies showing that GluN2B-containing NMDARs act to prevent AMPAR insertion into immature spines until appropriate synaptic activity triggers signals for their recruitment. Overexpression of GluN2B subunits in hippocampal neuronal cultures resulted in decreased surface expression of the AMPAR subunit, GluR1, while blocking GluN2B with ifenprodil increased the surface level of GluR1 (M. J. Kim et al., 2005) . In addition, downregulation of GluN2B subunits using siRNA or early expression of GluN2A subunits in developing hippocampal CA1 pyramidal neurons resulted in decreased AMPAR-mediated mEPSCs frequency, suggesting GluN2B expression controls the number of functional synapses by regulating AMPAR insertion (Gambrill and Barria, 2011) .
Increased silent synapse prevelance in Kv4.2-KO mice may therefore be a secondary effect of enhanced synaptic GluN2B expression through Kv4.2 regulation of CaMKII activation (Jung et al., 2008) . Recently, Wang et al. (2011) showed that GluN2B subunits suppress synaptic AMPAR incorporation by negatively regulating local protein translation in dendrites and directly interacting with activated CaMKII. Although it has been widely known that CaMKII has a critical role in LTP expression by enhancing AMPAR function and expression, LTP at neonatal hippocampal synapses requires cAMP-dependent protein kinase A, not CaMKII (Yasuda et al., 2003) , suggesting CaMKII may have a different role in AMPAR regulation in developing synapses. These results suggest that a role of GluN2B subunits during development is to maintain appropriate level of AMPARs by regulating protein synthesis in dendrites. In this regard, increased GluN2B fraction in Kv4.2-KO mice via enhanced CaMKII activity (Jung et al., 2008) appears to prevent AMPAR insertion, delaying synaptic maturation and perhaps contributing to their memory deficits (Lugo et al., 2012) .
A recent study reported, in a mouse model of fragile X syndrome (Fmr1-KO mice), an altered developmental profile of NMDAR subtypes and the persistent presence of silent synapses in later developmental stages, indicating delayed synaptic maturation (Harlow et al., 2010) . The fmr1 gene produces fragile X mental retardation protein, which regulates neuronal development and synaptic plasticity by regulating mRNAs that are translated into numerous important synaptic molecules, such as PSD-95 and CaMKII (Bassell and Warren, 2008) . Thus, loss of the fmr1 gene results in an increase in abnormal dendritic spines (hyperabundance with a long, thin immature morphology), altered synaptic plasticity, and cognitive and behavioral deficits (Zhang et al., 2009; Krueger et al., 2011) . Similar to Fmr1-KO mice, Kv4.2-KO mice display altered synaptic plasticity, intrinsic excitability, and deficits in learning and memory Nerbonne et al., 2008) . Since both Fmr1-KO and Kv4.2-KO mice exhibit functional control over synaptic activity, one can speculate that they might share overlapping mechanisms underlying synaptic modification and maturation. In fact, recent studies have suggested Fmr-1 protein control of Kv4.2 activity (Gross et al., 2011; Lee et al., 2011) .
Developing brains are capable of robust activity-dependent synaptic plasticity while the capacity to induce synaptic plasticity declines with aging. These developmental changes in synaptic plasticity are accompanied by age-dependent cognitive function impairment (Barnes, 2003) . Since NMDARs have important roles in synaptic plasticity and learning and memory, it is not surprising that alterations in NMDAR function and expression are found in aged rat hippocampus. In particular, knock-down of GluN2B subunits in young animals mimicked age-related cognitive decline as well as impaired LTP induction (Clayton et al., 2002) . Conversely, overexpression of GluN2B leads to enhanced spatial memory performance and LTP (Tang et al., 1999) . Our findings place A-type K ϩ currents as integral contributors to a synaptic NMDAR signaling complex controlling age-dependent cognitive function.
